Abstract. The increase in energy consumption in building design and construction and the issues related to environmental protection have steered many current
INTRODUCTION
Since 1990 the emissions of pollutants from fossil fuel combustion in building design and construction have increased by 45% [1] . Through its strategies and action plans, the EU is promoting energy efficiency measures for residential buildings, considering that three quarters of energy demand in building design and construction originate from this very sector. EU directives and strategies have set an ambitious goal to reduce the 1990 CO 2 emissions by 90% by 2050 [2] .
Use of passive solar systems can provide up to 50% [3] savings in building heating through the application of specific architectural and urban planning solutions. The geometric characteristics of a building are determined in the early design stages, since the building geometry affects its energy efficiency. Košir et al. analyzed the causality of consumption of the energy required for heating and cooling buildings in Ljubljana depending on their geometry on the one hand and on their window-to-wall ratio (WWR) on the other hand [4] . Their results suggest that, in a humid continental climate and with a low building WWR, energy is prevalently consumed for heating rather than cooling. Heating energy consumption decreases as the WWR increases, which in turn increases the cooling energy consumption. Premrov et al. studied the climate conditions in Athens and Seville for the purpose of determining the energy required for heating and cooling buildings with a wooden construction, characterized by low thermal mass in relation to the WWR, glazing type, and different building geometry [5] . Although numerous authors attempted to establish a correlation between the building shape factor and energy consumption, Granadeiro et al. demonstrated that, with the presence of significant solar gain, the shape factor cannot be an indicator of heating and cooling energy consumption [6] .
The results obtained in the present study indicate the total energy required for heating and cooling of a residential building with a passive sunspace depending on the building shape factor, floor geometry, southern façade surface area, and the WWR. The energy performance of a residential building with a passive sunspace system was analyzed for rectangular and square floors. For the set conditions, the EnergyPlus software [7] was used for dynamic modelling in order to determine the amount of energy required for heating and cooling to ensure proper functioning of a building in terms of thermal comfort for the climate area of the city of Niš.
PASSIVE SYSTEMS WITH A SUNSPACE
Passive solar building design allows the maximum penetration of sunlight through the transparent surfaces during the day and its storage within the building structure or thermal mass. Passive systems that collect solar radiation should be designed in accordance with the urban planning parameters and climate conditions of the location (meteorological parameters, terrain, distance from neighbouring buildings, green areas at the location, etc.), for the buildings to be heated as much as possible during the winter and not overheated during the summer. According to the manner of heat transfer, passive systems are classified as direct (solar radiation is received through the windows) or indirect (solar radiation is received by means of a Trombe wall, sunspace, solar air collectors, and the like). [8] Passive systems with a sunspace consist of glazed portions integrated with the building and used as passive receptors of solar radiation, with the ability to temporarily store it (partition wall, sunspace floor) and transfer it to the building interior. They also represent "buffer zones", as they protect the adjacent interior heated space against sudden external temperature changes. Figure 1 shows the types of sunspaces according to their placement in relation to the main building (M1-M6), according to the type of partition separating the sunspace from the adjacent room (T1-T4), and according to the position of the thermal mass (A1-A4).
Fig. 1
Types of sunspaces according to: their placement in relation to the main building (M1-M6); the type of partition separating the sunspace from the adjacent room (T1-T4); the position of the thermal mass (A1-A4) [9] The types of sunspaces according to their placement in relation to the main building ( Figure 1 ) include the following: M1 -attached sunspace; M2 -fully integrated sunspace; M3 -partially integrated sunspace; M4 -laterally integrated sunspace; M5 -atrium sunspace; M6 -sunspace envelope around the primary building. The types of sunspaces according to the type of partition ( Figure 1 ) include: T1 -sunspace with a thermal storage wall and a direct system (window) built into the thermal storage wall; T2 -sunspace with a transparent partition; T3 -sunspace with a thick thermal storage wall; T4 -sunspace with a Trombe wall. The types of sunspaces according to thermal mass position in a single residential building with passive sunspace (Figure 1 ) include: A1 -thermal mass is the sunspace floor; A2 -thermal mass is the partition wall; A3 -thermal mass is the sunspace and living area floors; A4 -thermal mass is the sunspace and living area floors, as well as the partition wall.
METHODOLOGY

Description of the software
Investigation of energy performance of a residential building with a passive sunspace system for different building shape factor, floor geometry, surface area of the southern façade, and glazing percentage, i.e. window-to-wall ratio (WWR) was conducted using EnergyPlus software.
EnergyPlus software is comprised of multiple programme modules forming a whole, which can calculate the energy required for heating and cooling of buildings with different systems or different energy sources [10] . The simulation centres on a model building exposed to various external influences and to different utilization regimes. EnergyPlus software relies on the location and position of the building itself, as well as on meteorological parameters and the external conditions surrounding the building. The input data include latitude, longitude, elevation, and the time zone, which allows the calculation of the Sun"s position on any day of the year [10] . The most relevant meteorological data used as inputs include air temperature, relative humidity, air pressure, direct and diffuse solar radiation, cloudiness, wind direction and speed, as well as auxiliary precipitation data [10] .
EnergyPlus simulation software was previously used for sunspace studies by Chiesa et al. to determine the influence of sunspaces on the reduction of energy demand for heating for different climate conditions of the examined locations in Europe [11] . Ulpiani et al. used EnergyPlus to investigate energy consumption of a residential building with an integrated sunspace in the Mediterranean climate [12] . EnergyPlus was also used to simulate energy consumption in studies of shape factors in high-rise office and public buildings [13] [14] [15] [16] as well as in individual residential buildings [17] .
Description of the analyzed models of buildings with a sunspace
Three MODELS of a residential building with a passive sunspace system ( Figure 2 ) were developed. They were used to determine the total energy required for heating and cooling, energy only for heating, and energy only for cooling, depending on the building shape factor, floor geometry, southern façade surface area, and different WWRs.
The first building MODEL (MODEL-I, Fig. 2 ) has only the ground floor G and the floor area P o = 92.16 m 2 . The second building MODEL (MODEL-II, Fig. 2) has the ground floor G and the floor area P o =184.32m 2 , while the third analyzed MODEL (MODEL-III, Fig. 2) has the ground floor G, the 1 st floor (+1) and the area P o =184.32m 2 . The overview of the MODELS (Figure 2 ) indicates that the area of the second and third MODEL building is double the area of the first MODEL building. The models were set up this way so that it would be possible to determine the effect of the length and surface area of the southern façade containing the sunspace in relation to the heating and cooling energy required for proper functioning of the building. The floor area of the third MODEL building is the same as the second, only over two storey levels (P+1) instead of one. The height of a storey is uniform for all models (H=3m). The volume of MODEL-I is V 1 =276 m 3 , while the volume of MODEL-II and MODEL-III is V 2 =552 m 3 .
Fig. 2 Overview of the analyzed models of a residential building with a passive sunspace (MODEL-I, MODEL-II, and MODEL-III)
Residential building with a passive sunspace and square-and rectangle-shaped floors were analyzed ( Figure 2 ). The starting MODEL is MODEL-A with a square floor and the aspect ratio 1:1. This MODEL was used as a reference because it has the lowest shape factor: for MODEL-IA the shape factor is 1.083; for MODEL-IIA the shape factor is 0.96; and for MODEL-IIIA the shape factor is 0.75. Changes in the floor aspect ratio of MODEL-A yielded the variants B, C, and D. Variant B has the aspect ratio 1.26:1, variant C 1.56:1, and variant D 2.25:1 ( Figure 2 ). Variants B, C, and D were used to create their sub-variants B1 and B2, C1 and C2, and D1 and D2. With variants B1, C1, and D1, the shorter side of the building containing a sunspace is facing south. Variants B2, C2, and D2 are facing south with their longer side, which contains the sunspace ( Figure 2 ). For all models considered, the sunspace dimensions are uniform -6.0x2.4 m. The effect of glazing on the amount of energy required for heating and cooling was analyzed for different WWRs of all façades, specifically WWR=20%, WWR=40%, and WWR=60%.
During the definition of the starting models of buildings with a sunspace, the elements of the thermal envelope were also defined, as they are typical constructions used in Serbia, which has a humid continental climate. Thermal envelope heat transfer coefficient values are defined in terms of maximum allowed values provided in the Rulebook on Energy Efficiency of Buildings in Serbia [18] , which pertains to the new residential buildings. Table 1 shows the calculated and maximum values of coefficient U for façade walls, flooring and roofing, and windows of all the analyzed MODELS of single residential buildings with a passive sunspace. The glazing of the passive sunspace used in this study is the same as the glazing of the thermal envelope. Windows are double glazed with low emissivity glazing of 6/13 mm and framed with PVC material. Heat transfer coefficient for glazing is U=1.5 [W/m 2 K]. The total solar transmission of the glazing is SHGC=0.568.
RESULTS
Annual energy required for heating and cooling and the total annual energy required for heating and cooling were calculated for the defined models (MODEL I, MODEL II, MODEL III) of a residential building with a passive sunspace and their variants with different floor aspect ratios and window-to-wall ratios WWR=20%, WWR=40%, and WWR=60%. The results are shown in Table 2 . Figure 3 shows a diagram of the energy required for heating and cooling of the analyzed models of residential building with a passive sunspace for MODEL-I for WWR=20%, WWR=40%, and WWR=60%.
Fig. 3 Annual energy required for heating and cooling for MODEL-I variants and
window-to-wall ratios WWR=20%, WWR=40%, and WWR=60% Table 3 shows the percentages of the increase/decrease of required amount of energy for heating and cooling of the analyzed models of residential building with a passive sunspace for MODEL-I for WWR=20%, WWR=40%, and WWR=60%, in relation to the referential MODEL-A. Heating Cooling sf Figure 4 shows a diagram of the energy required for heating and cooling of the analyzed models of residential building with a passive sunspace for MODEL-II for WWR=20%, WWR=40%, and WWR=60%.
Fig. 4 Annual energy required for heating and cooling for MODEL-II variants
and window-to-wall ratios WWR=20%, WWR=40%, and WWR=60% Table 4 shows the percentages of the increase/decrease of required amount of energy for heating and cooling of the analyzed models of residential building with a passive sunspace for MODEL-II for WWR=20%, WWR=40%, and WWR=60%. Figure 5 shows a diagram of the energy required for heating and cooling of the analyzed models of residential building with a passive sunspace for MODEL-III for WWR=20%, WWR=40%, and WWR=60%. Annual energy required for heating and cooling for MODEL-III variants and window-to-wall ratios WWR=20%, WWR=40%, and WWR=60% Table 5 shows the percentages of the increase/decrease of required amount of energy for heating and cooling of the analyzed models of residential building with a passive sunspace for MODEL-III for WWR=20%, WWR=40%, and WWR=60. 
DISCUSSION
When designing residential buildings with a passive sunspace system that use the available solar energy for heating, it is necessary to know the Sun"s position and the angle of incidence of solar rays depending on the time of year. In humid continental climate conditions of the city of Niš and in relation to its geographic location (43.3209° N, 21.8958° E), during the summer the Sun rises from the northeast, travels high across the south, and sets in the northwest. During the winter, it rises from the southeast and arcs Heating Cooling sf at a low angle of incidence across the south to set in the southwest. This means that the increase of the exposed surface of the southern façade provides higher efficiency of solar radiation during the winter months, whereas the decrease of the exposed surface of the eastern and western façades reduces overheating in the summer. During the summer, especially in the afternoon, the western façade tends to overheat. On the other hand, the building envelope enables heat exchange between the internal and the external space, whereby it is important to make as few transmission losses as possible through the building envelope while maintaining the maximum heat gain of the passive sunspace in the winter and the minimum heat gain in the summer. According to the results provided in Table 3 for the analyzed sub-variants of MODEL-I and for the listed window-to-wall ratios (WWR=20%, WWR=40%, WWR=60%), it can be concluded that, in terms of energy required for heating, MODEL-I D2 is the most favourable, while MODEL-I C2 is the most favourable in terms of energy required for cooling. When a comparison of the energy required for heating with WWR=20% is made between MODEL-I D1, whose shorter side is facing south, and MODEL-I D2, whose longer side is facing south, with the same building shape factor, the amount of energy required for heating will be higher by 1.43% in MODEL-I D1. The amount of energy required for cooling in MODEL-I D1 is higher by 29.1% compared to MODEL-I D2, under the same conditions. The calculated total annual energy required for heating and cooling in MODEL-I D1 is 14.21% higher than in MODEL-I D2 (Table 3) ; with WWR=40%, between the respective MODELS, the total annual energy required for heating and cooling is 20.28% higher. In case of WWR=60%, the total annual energy required for heating and cooling would be higher by 23.58%.
Based on the results for the analyzed sub-variants of MODEL-II and for the listed window-to-wall ratios (WWR=20%, WWR=40%, WWR=60%) provided in Table 4 , it can be concluded that, in terms of energy required for heating, MODEL-II D2 is the most favourable, while MODEL-II C2 is the most favourable in terms of energy required for cooling. When a comparison of the energy required for heating with WWR=20% is made between MODEL-II D1, whose shorter side is facing south, and MODEL-II D2, whose longer side is facing south, with the same building shape factor, the amount of energy required for heating will be higher by 3.41% in MODEL-II D1. The amount of energy required for cooling in MODEL-II D1 is higher by 27.88% compared to MODEL-II D2, under the same conditions. The calculated total annual energy required for heating and cooling in MODEL-II D1 is 10.91% higher than in MODEL-II D2 (Table 4) ; with WWR=40%, between the respective MODELS, the total annual energy required for heating and cooling is 17.9% higher. In case of WWR=60%, the total annual energy required for heating and cooling would be higher by 21.08%.
When a comparison of the energy required for heating with WWR=20% is made between MODEL-III D1, whose shorter side is facing south, and MODEL-III D2, whose longer side is facing south, with the same building shape factor, the amount of energy required for heating will be higher by 3.03% in MODEL-III D1. The amount of energy required for cooling in MODEL-III D1 is higher by 31.67% compared to MODEL-III D2, under the same conditions. The calculated total annual energy required for heating and cooling in MODEL-III D1 is 15.45% higher than in MODEL-III D2 (Table 5) ; with WWR=40%, between the respective MODELS, the total annual energy required for heating and cooling is 20.65% higher. In case of WWR=60%, the total annual energy required for heating and cooling would be higher by 22.3%.
These results lead to a conclusion that there is no simple linear dependency between the WWR and the increase percentage of the total annual energy required for heating and cooling. Another conclusion is that the increase of total energy consumption is the result of a considerable increase of the energy required for cooling (Figure 3-5) .
Based on the results presented above, it can be observed that the least energy required for heating of a building with a sunspace was found for a building with the largest southern façade area for the biggest WWR. This can be related to the angle of incidence of solar radiation typical for the winter period, when the solar exposure time of the southern façade is longer than that of other façades, which provides the better passive heating of the building. For the same reason, the solar exposure time of the southern façade is shorter during the summer compared to the eastern and western façades. The analysis of the same shape factor of the building, while taking into account the cooling requirements in the summer, leads to a conclusion that it is more favourable to have a larger surface area of the southern façade at the same given sunspace size. The maximum savings in the annual energy required for heating and cooling of the analyzed residential building with a passive sunspace, possible through southern orientation of the longer side of the building, amount to 23.58%, 21.08%, and 22.3% for MODEL-I, MODEL-II, and MODEL-III, respectively.
In the building design stage, insufficient knowledge of the influence of building shape, orientation, and WWR on energy consumption in the summer or in the winter can result in later disadvantages, which are only partially rectifiable after the construction is completed and the building goes into use. The results presented in this paper can help achieve better energy efficiency of buildings depending on the floor aspect ratio, defined in the initial design stages, and on the WWR, which, in addition to the passive sunspace, allows direct passage of sunlight.
CONCLUSION
This paper considered the amount of energy required for heating and cooling of single building with a passive sunspace for different floor geometry, southern façade surface area, shape factor, and three window-to-wall ratios: WWR=20%, WWR=40%, and WWR=60%. Three building MODELS were analyzed: MODEL-I (number of storeys G and floor area P o = 92.16 m 2 ), MODEL-II (number of storeys G and floor area P o = 184.32 m 2 ), and MODEL-III (number of storeys G+1 and floor area P o = 184.32 m 2 ). The results indicated that, in terms of the amount of energy required for heating, MODEL-I D2, MODEL-II D2, and MODEL-III D2 were the most favourable. The D2 sub-variant for all MODELS has the same aspect ratio of 2.25:1 and the longer side of its façade, where the sunspace is installed, is facing south. In terms of the amount of energy required for cooling, MODEL-I C2, MODEL-II C2, and MODEL-III C2 were the most favourable. The C2 sub-variant for all MODELS has the same aspect ratio of 1.56:1 and the longer side of its façade, where the sunspace is installed, is facing south.
Upon analysis of the aforementioned MODELS of residential building with a passive sunspace, it was concluded that there is no direct proportional dependency between the building shape factor and the total amount of energy required for heating and cooling. As the WWR increases, so does the amount of energy required for cooling, whereas the amount of energy required for heating slightly decreases under the same conditions. In building models with a higher WWR, the required amount of energy required for cooling is larger than the amount of energy required for heating, so its share in the total energy consumption also increases.
Adequate sizing of the south-facing façade can significantly reduce the amount of energy required for heating and cooling. In buildings with the same shape factor and WWR, savings in total energy consumption for heating and cooling can be as much as 23% higher when the longer façade of the building is facing south. The paper examined the window-to-wall ratios of WWR=20%, WWR=40%, and WWR=60% for all façades. A recommendation for further research is to define the window-to-wall ratio individually in relation to façade orientation. This would determine the optimal window-to-wall ratio of the southern façade in relation to the eastern, western, and northern ones. The results presented in this study can be used as recommendations in the design of residential buildings with a sunspace.
